Multilocus variable number of tandem repeats (VNTRs) analysis (MLVA) is widely used as molecular markers to differentiate isolates of homogenous pathogenic clones. We explored the genomes of Salmonella enterica serovar Typhi strains CT18 and Ty2 for potential VNTRs.
Introduction
Typhoid fever remains as a devastating disease in developing countries, and is endemic in areas with inadequate sanitation and poor hygiene. It is a serious systemic disease, spread via faecaloral route. Annually, there are more than 16 million cases of typhoid fever with 600,000 deaths reported worldwide (www.who.int). The aetiological agent of typhoid fever is Salmonella enterica serovar Typhi (or simply Typhi) which is highly homogenous (13, 33) . The genetic homogeneity of Typhi has significantly impeded the development of suitable typing methods to differentiate Typhi isolates, for both phylogenetic and epidemiological purposes.
Single nucleotide polymorphisms (SNPs) have recently been shown to be useful markers for typing Typhi isolates (23, 29) . SNP typing can resolve the relationships among global Typhi isolates and more discriminating than widely accepted population genetic methods including Multilocus Enzyme Electrophoresis (28) and Multilocus Sequence Typing (13) . However, some haplotypes or SNP profiles contained many isolates which could not be further differentiated (23, 29) . In Roumagnac et al. (29) study, 88 SNPs differentiated 481 global Typhi isolates into 85 haplotypes. The majority of the isolates belonged to H58 (35%), H50 (12%) and H52 (11%). In the study by Octavia et al. (23) , 38 SNPs distinguished 73 global Typhi isolates into 23 SNP profiles and the majority of these isolates had SNP profile 10 (32%) and SNP profile 2 (16%).
Clearly, SNP typing still has a limited discriminatory power.
Variable number of tandem repeats (VNTRs) have the potential to be more discriminating than SNPs and also to be used to establish the evolutionary relationships of the isolates. VNTRs are short sequence repeats which are unique DNA elements repeated in tandem. The polymorphisms in VNTRs are believed to be resulted from slippage strand misalignment (17) . Therefore, isolates may contain different copy numbers for a repeat locus, allowing differentiation between isolates.
Multilocus VNTRs analysis (MLVA) involves determination of the number of repeats at multiple VNTR loci and the number of loci required varies depending on the diversity of the organism studied. MLVA has been particularly effective to type homogeneous clones including Yersinia pestis (1, 14, 21, 25) , Bacillus anthracis (8, 11, 12, 34) and Mycobacterium tuberculosis on September 21, 2017 by guest http://jcm.asm.org/ Downloaded from (7, 16, 32, 35, 36) . In Salmonella, a few serovars including Enteritidis, Typhimurium and Typhi have been studied by MLVA (3, 4, (18) (19) (20) 27) .
Two MLVA studies of Typhi showed different levels of variation of VNTR loci analysed (20, 27) . Liu et al. (20) found five potential VNTR loci designated as TR1 to TR5, with the first three showing variation among 59 Typhi isolates from several Asian countries studied. Ramisse et al. (27) found five new polymorphic VNTRs (SAL02, SAL06, SAL10, SAL15 and SAL20).
Together with two markers from previous Typhi and Typhimurium studies, TR1 (20) and STTR5/Sal16 (18), a total of seven VNTRs distinguished 27 Typhi isolates from France into 25 MLVA profiles (27) . In these two studies, VNTR PCR products were resolved on standard agarose gels. However, the resolution of agarose gels is known to be low, which is especially difficult to resolve short repeat unit such as SAL10 with a 2 bp repeat unit. In this study we used seven published VNTRs, including SAL02, SAL06, SAL10, SAL16, SAL20, TR1 and TR2, and two new VNTRs uncovered in this study as markers to explore their potential in studying the molecular evolution of global Typhi isolates. Our MLVA assay employed universal M13-tailed primer tagged with a different fluorescent dye to resolve the tandem repeats on capillary electrophoresis. We combined the more rapidly evolving VNTR markers with the slower evolving SNPs to achieve an optimal resolution for typing global Typhi isolates.
Materials and Methods
Bacterial strains. The 73 global Typhi isolates analysed in this study were from a collection of isolates that have been previously SNP typed (23) .
Identification of new VNTR markers.
A publicly available database (http://minisatellites.upsud.fr) was used to identify tandem repeats in the genomic sequence of Typhi strain CT18. The search for VNTRs was only run for Typhi strain CT18 under the parameters: total length more than or equal to 20 bp, unit length more than or equal to 3 bp and the repeat number of more than or equal to three. The potential VNTR markers were named according to their chromosomal locations.
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Each VNTR PCR reaction contained a pair of VNTR-specific primers which amplify the region flanking the potential VNTR and a fluorescent dye labeled M13 sequence universal primer with one of the four dyes; FAM (blue), VIC (green), NED (yellow) and PET (red). The primers were listed in Table 1 . The forward VNTR-specific primer has a M13 sequences attached to the 5' end. This allowed incorporation of M13 sequence to a newly synthesised strand in the initial PCR cycles and thus, the dye-labeled M13 universal primer would prime the PCR product synthesis in subsequent cycles. Therefore the PCR product was labeled with a fluorescent dye utilising a dye labelled M13 universal primer. 
Results and Discussion

Universal M13 primer hemi-nested PCR for MLVA typing of nine VNTR loci
We explored the genome of Typhi strain CT18 for potential VNTR loci additional to those reported previously (20, 27) , aiming to obtain a set of most variable VNTR loci for epidemiological typing. Forty-three potential VNTRs were identified using the web-based resource tool (6) (Supplementary Table 1 ). The primers were tested using a panel of 12 Typhi isolates. Five primer sets failed to produce any PCR product and were not investigated further.
Two of the 38 potential VNTRs with successful PCR amplification, designated as TR4500 and TR4699, were polymorphic. These two new VNTRs are located in genic regions each with a repeat unit size of 6 bp. These two, together with seven VNTRs from previous studies (20, 27) , were used to type the 73 global Typhi isolates. The seven VNTRs (SAL02, SAL06, SAL16, SAL20, TR1 and TR2) were selected as they showed three or more alleles in one or both studies (20, 27) . TR3 was excluded because of presence of deletions immediately upstream of the repeat region (20) . The primer pairs for the nine selected VNTRs could efficiently amplify a unique DNA fragment from all 73 isolates.
MLVA requires accurate sizing of VNTR PCR products (24). We employed fluorescent dye labeled universal M13 primer in a hemi-nested touch-down PCR (31) to obtained dye labeled VNTR product for accurate sizing on capillary electrophoresis. Each VNTR was amplified on September 21, 2017 by guest http://jcm.asm.org/ Downloaded from separately and therefore four VNTR loci each with a different fluorescent dye (VIC, PET, FAM and NED) were pooled together as one sample to run on an automated DNA sequencer. The use of capillary electrophoresis has made the fragment size determination far more accurate than any agarose gel based system used previously (20, 27) . Having fluorescent dyes on the universal M13 primer only, has significantly reduced the cost for our initial screening for variable VNTRs as it required only four dye-labeled universal primers rather than 38 dye-labeled VNTR specific primers for the 38 VNTRs screened.
Level of polymorphism and discriminatory power of the nine VNTR loci
Fragment sizes were converted to number of repeats for each VNTR. For the genome sequenced strains, CT18 and Ty2, there were discrepancies between theoretical and observed number of repeats for three VNTRs. TR4699, SAL02 and SAL16 of CT18 consist of 7, 10 and 14 repeats respectively according to the genome sequence but 13, 9 and 8 repeats respectively according to our typing. Similarly for Ty2, TR4699, SAL02 and SAL16 showed 23, 15 and 16 copies in genome sequence but 20, 16 and 10 copies in ours respectively. For both strains, we confirmed the copy numbers by sequencing. SAL16 was previously found to be inconsistent for serovar Typhimurium strain LT2 (27) . Possible explanations for this observation are either genome sequencing errors or strain divergence between our strains and the sequenced strains or a combination of the two.
All except TR4500 can be converted into copy numbers without ambiguity. TR4500 had a case that the conversion is not perfect and was found to have an insertion of 55 bp between the second and third repeat. The different number of repeats was assigned as alleles. We sequenced represent isolates for all alleles observed and confirmed the number of repeats. Overall, two to 28 alleles were observed and the repeat units ranged from a single repeat, to as many as 40 repeats. TR4699 had the highest number of alleles followed by TR2, SAL02, TR1, SAL20 and SAL16. Continuous range of repeat units was observed in TR1, from 5 to 16 repeats. For all VNTRs except TR2, a particular number of repeats are predominant with TR4500, TR4699, SAL02, SAL16 and TR1 having mostly 3, 6, 11, 7 and 16 repeats respectively. In SAL20, the most frequent repeats are 15 and 16, equally shared by 17 isolates each, while in TR2, the most Fast evolving makers such as VNTRs give high discriminatory power for outbreak investigations. However, a fast evolving marker may vary during an outbreak and such marker may be considered unstable. SAL16 (STTR5) which was also used in the Typhimurium MLVA scheme has been shown to vary in three of the eight different Typhimurium outbreaks studied (9). To accommodate such variation for epidemiological typing, it has been suggested that a single locus variant may be classified as belonging to the same outbreak (9, 22). The stability of TR1 and TR2 used in this study were tested in laboratory culture using four isolates by Liu et al. (20) . After passaging 40 rounds, no changes were observed in these two VNTR loci (20) . It remains to be tested whether any of the markers used in this study varies during outbreaks.
Phylogenetic relationships based on the MLVA data
Initially, a dendrogram was generated using UPGMA to illustrate the genetic relationships among the MLVA profiles. The dendrogram showed that there were seven major clusters ( Figure   1 ). These clusters were supported by certain VNTR alleles. For TR4500, the majority of isolates had allele 2 in cluster 1, allele 4 in cluster 2, allele 3 in clusters 3 to 6, and allele 1 in cluster 7. In addition, cluster 2 was supported by allele 4 of TR4699, allele 6 of SAL02, allele 4 of SAL16 and allele 12 of TR1; cluster 3 by allele 3 of SAL16 and allele 8 of SAL20; cluster 4 by allele 5 of TR1, cluster 5 by allele 9 of TR1, cluster 6 by allele 4 of SAL06 and allele 8 of TR1; and cluster 7 by allele 8 of SAL16 and allele 1 of TR1. However, these cluster supporting alleles were not unique for that particular cluster. Only allele 1 for TR4500 was found within cluster 7 while the other alleles were also present in other clusters. Although different clusters could be distinguished on the UPGMA dendrogram, none of them was supported by high bootstrap values. Only four branches were supported by bootstrap values greater than 50%. This suggests that the VNTR data were too diverse to infer a robust relationship.
A minimum-spanning tree (MST) was often used to display relationships based on MLVA data Figure 1) . The majority of the MLVA profiles differed by four VNTR loci, with the minimum difference of one and the maximum of five. Only two pairs of MLVA profiles, 50 and 58, and 56 and 58, differed by one VNTR, SAL20 and TR2 respectively. There was no apparent major clustering in the MST. The seven major clusters found by UPGMA were not observed in the MST. This further suggests that the MLVA data were too divergent to give a meaningful MST as the VNTRs used, evolved rapidly.
The phylogenetic analysis allowed us to determine whether there was any epidemiological link for isolates obtained from the same region. Nineteen of the 73 isolates were from Canada and the VNTR data showed that these isolates were not clustered together, suggesting that none of these isolates were epidemiologically related. This conclusion is also supported by our previous study using SNP data which did not cluster them together (23) . This observation was not surprising since in developed countries Typhi infections are often related to travel to endemic countries as sporadic cases (2). On the other hand, for the three pairs of isolates with identical MLVA profiles, all were likely to be epidemiologically related. One pair was isolated from Thailand in the same year, although no other details were available.
Previously, we have typed the 73 global Typhi isolates using 38 SNPs (23). These SNPs were able to differentiate the isolates into 23 SNP profiles and 4 clusters. It can be seen from Figure 1 that most of the UPGMA clusters established by VNTR data did not correspond to the SNP clustering. For example, SNP cluster I was split and SNP profiles fell within two VNTR clusters, clusters 2 and 3. There were phylogenetic signals supporting SNP cluster I, including allele 4, 4, 6, 4, 12 for TR4500, TR4699, SAL02, SAL16 and TR1 respectively. A subset of SNP cluster 3 profiles were also grouped together as VNTR cluster 3. However, the other SNP clusters were virtually disappeared and were distributed into different VNTR clusters. SNP profiles that contain multiple isolates were further differentiated by MLVA. However, MLVA profiles with these same SNP profiles were not always grouped together. 
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SNPs were able to establish the phylogenetic relationships of these isolates but lack discriminatory power as shown previously (23) . In contrast, this study showed that VNTRs were highly discriminating but gave only meaningful phylogenetic relationships of closely related isolates. Therefore, a composite tree was constructed (Figure 2) . Firstly, an MST was constructed using SNP data to resolve the 73 global Typhi isolates into their corresponding SNP profiles and clusters which is the same tree as previously described (23) . For SNP profiles that contained more than two MLVA profiles (SNP profiles 2, 3, 5, 10, 13 and 18), an MST of the MLVA profiles was generated for each SNP profile. As can be seen in Figure 2 , MLVA profiles within SNP profiles 10, 13 and 18 differed by at least four VNTR loci. The high levels of VNTR diversity within these three SNP profiles were due to poor differentiation by the SNPs used as discussed previously (23) which were obtained from comparison of CT18 and Ty2 genomes and were outside the evolutionary path of these SNP profiles due to phylogenetic discovery bias. On the other hand, MLVA profiles belonging to SNP profiles 2, 3 and 5, all of which belong to SNP cluster I, had the least difference and the majority differed by one or two VNTR loci. As noted above SNP cluster I is largely consistent with MLVA clustering as the isolates within this cluster are more closely related.
Concluding comments
In this study we applied MLVA of nine VNTRs to type global Typhi isolates using fluorescent universal primer hemi-nested PCR and capillary electrophoresis. We differentiated 73 Typhi isolates into 70 MLVA profiles. We have further shown that MLVA offers a higher discriminatory power than SNP typing previously applied to these isolates (23) . The nine VNTR markers have different levels of variability with seven (TR4500, TR4699, TR1, TR2, SAL02, SAL16 and SAL20) being highly variable. Although typing the five most variable VNTRs (TR2, TR4699, SAL02, TR1 and SAL20) is sufficient to achieve maximum differentiation of isolates used in this study, applying all seven VNTRs will offer higher discriminatory power for outbreak investigations. We suggest these seven VNTRs to be used as a standardized typing scheme for Typhi.
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Capillary electrophoresis was used to accurately size the VNTR PCR products in this study in contrast to the two previous studies (20, 27) using agarose gel electrophoresis which has far lower resolution than capillary electrophoresis. The VNTR data expressed as alleles based on number of repeats will allow comparison of data between laboratories. We have set up a database and deposited our data at http://minisatellites.u-psud.fr/MLVAnet. This resource will be useful for rapid computerised identification and classification of any Typhi isolates for epidemiological study.
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